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Abstract

:

In low input agriculture, a thorough understanding of the plant-nutrient interactions plays a central role. This study aims to investigate the effects of nitrogen (N), phosphorus (P), and potassium (K) and liming omission on shoot growth as well as on topsoil root biomass, growth and morphology (tuber and fibrous roots) of sugar beet grown under field conditions at the Dikopshof long-term fertilizer experiment (Germany). Classical shoot observation methods were combined with root morphology and link measurements using an image analysis program. Omission of the nutrients N, P and K as well as of liming led to a significant decrease in shoot growth. Tuber yield was lowest for the unfertilized and the K omission treatment. The root shoot ratio was highest in the N deficient treatment. In the K omission treatment, a strategic change from a less herringbone root type (early stage) to a more herringbone root type (late stage), which is more efficient for the acquisition of mobile nutrients, was observed. By contrast, a change from a more herringbone (early stage) to a less herringbone root type (late stage) which is less expensive to produce and maintain was observed in the unfertilized treatment. We conclude that sugar beet alters its root morphology as a nutrient acquisition strategy.
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1. Introduction


A deeper understanding of effects of nutrient limitation on shoot and root growth is of value for plant breeding and cultivar selection, organic farming and low-input agriculture [1], and improvement of crop models [2,3,4]. Crop production is considered as an integration of processes occurring in both root and shoot systems [5]. The shoot part of the plant is responsible for light interception and biomass allocation [6]. The root part comprises many other functions essential for crop production, including water and nutrient uptake, improvement of soil organic matter, carbon sequestration in form of root debris, root exudates and root respiration [7,8], plants anchoring in the soil and symbiosis with soils microorganisms. In general, the above-ground part of plants has been intensively studied, however, the below-ground parts have largely been neglected, in the past [9]. The reasons behind this are difficulties of observation of root systems related to the time and labor requirements. Two types of observation methods can be distinguished: destructive methods using an auger or shovel, implicating a big loss of soil volume and less insight into the architecture of the root systems; and non-destructive methods, such as the rhizotrons, which besides faster root morphology characterization, permit to have insight into root growth dynamics [10,11], but measurements with these methods are often carried out under controlled (non-field) conditions and do not allow estimation of root biomass or root nutrient concentrations. The choice of methods depends on the crop studied, the soil properties, labor availability and the objective of the study [12].



Recently, the study of below ground mechanisms have received a growing interest [13], focusing on fine roots traits, mycorrhizal associations and nutrient acquisition [14]. Effective nutrient acquisition largely depends on the ability of root systems to explore the soil [15] and on the source-sink relationship [16]. Especially in organic farming where mineral fertilizers are not applied, high efficiency of acquisition of nutrients by roots is important to secure yields. In general, root systems with either a more herringbone topology (branches more or less confined to the main axis) or with longer links (either interior or exterior) should be favored in conditions where soil-derived resources limit growth [17]. Long interior and exterior links are associated with more efficient exploitation of soils with low nutrient conditions [17] but are more expensive to produce. According to the authors, root systems of dicots became more herringbone and link length generally increased under low nutrient conditions.



According to Carvalho and Foulkes [18], root morphology refers to the surface features of a single root axis as an organ, including characteristics of the epidermis such as root hairs, root diameter, the root cap, the pattern of appearance of daughter roots, undulations of the root axis, and cortical senescence, root topology describes the branching pattern of the individual root axes. Parameters such as specific root length (SRL), root diameter, and surface area of roots are key root morphological traits and permit to study the response of root systems as affected by different edaphic factors [19]. Root length and root diameter distribution may be obtained in two ways: by microscopic measurements, which are laborious, or by computerized image analysis which is fast [20,21]. An advanced level of the morphology analysis constitutes the “link analysis”. It represents the study of each link (root part between two forks or a fork and a tip) regarding the morphology and the basic connectivity [22]. The link analysis delivers the following parameters for each link: length, average diameter, projected area, surface area and basic connectivity analysis. Whereas root morphology and link analysis can be done on incomplete roots, the root topology requires a complete root system.



The sugar beet is the most important sugar plant of the temperate latitudes. In 2019, sugar beet was cultivated on 409,000 ha in Germany, which is 3.5% of the agricultural area (German Federal Statistical Office DESTATIS). Sugar beet is a biennial plant, mainly cultivated for its taproot (tuber), a storage organ of sucrose. It constitutes with sugar cane the main sugar crops in the world. Kutschera [23] described the root system of sugar beet as being constituted from a classical taproot that grows vertically and produces several lateral branches, which subsequently branch further, forming an extended fibrous root system which progressively colonizes deep soil layers [24].



The effects of nutrient deficiency on sugar beet shoots and tap roots were described in several studies [12,25,26,27]. N is considered as the most important nutrient limiting sugar beet crop production. N deficiency results in low yield, but also, a high level of N leads to lower sugar beet yield quality [28,29]. P is considered as the second most limiting factor in sugar beet production, given its structural role, being part of the ADP and nucleic acid, and also given its role in energy transfer. In organic farming, P is most often delivered in form of manure. K was also shown to be an important nutrient in sugar beet growth due to its importance in photosynthesis and respiration [26]. Abdel-Motagally [30] reported that low K inputs led to a decrease in the photosynthetic activity of the sugar beet. However, few studies investigated the effect of nutrients on the fibrous root system of the sugar beet [31], although uptake of soil nutrients and water depends on the extension and functionality of laterals, fine roots and root hairs [24,32]. In particular, in sugar beet, the fibrous root system may be one of the most important factors affecting not only the biomass production but also the sugar production [33].



This study aims to investigate the effects of N, P, K and liming omission on sugar beet shoot growth (biomass, leaf area index (LAI), and yield) as well as on sugar beet root biomass and growth of both the tuber and the topsoil fibrous root system under field conditions. For that, we analyze field data of sugar beet grown in 2019 in a long-term fertilizer experiment and applied the image analysis software WinRhizo Pro.




2. Materials and Methods


2.1. Experimental Site


The Dikopshof long-term fertilizer field experiment was established in 1904 near Cologne, Germany (50°48′21″ N, 6°59′9″ E, altitude: 61 m), located at the intermediate strath terrace of the Rhine river. This long-term field experiment is the tenth oldest long-term field experiment in the world [34]. The groundwater table is about 20 m below the surface. The Atlantic climate with mild winters and summers results in a mean annual temperature of 10.1 °C and a mean annual precipitation of 630 mm. The general soil type is classified as a Haplic Luvisol derived from loess above sand [35]. The depth of the loess layer in the experimental field varies from about 1.1 to 1.3 m. The soil texture can be described as silty loam (topsoil) and (silty) clay loam (below 30 cm soil depth). The clay-depleted topsoil horizon (Al) is concordant with the plowed Ap horizon (0–30 cm), followed by an illuvial Bt horizon down to about 80 cm, which is characterized by an increase in clay content. The subsequent cambic horizon is 20 cm thick, followed by a layer of loess that is present until the sand and gravel layers starts [35]. Soil bulk density increased from about 1.4 g cm−3 in the topsoil (0–30 cm) to about 1.5–1.6 g cm−3 below 30 cm soil depth.




2.2. Experimental Design and Fertilizer Management


The experiment is a non-randomized block design and comprises 24 treatments and five strips. In this study we focus on the following six treatments: NPKCa, _PKCa, N_KCa, NP_Ca, NPK_, and no fertilizer applied (_stands for the omission of the corresponding nutrient) [36]. Cattle farmyard manure was supplied on sugar beet, potato and winter rye plots after harvesting of the preceding crop at an average rate of 60 t ha−1 year−1 (fresh matter manure), with a dry matter content of 20–30% and a C:N ratio of ~25:1 (treatments with “+m”). Moreover, treatments without application of manure (“ ”) and, since 1953, with (“+s”) and without (“ ”) supplemental mineral fertilizer application were established. This procedure aimed to compensate for the amount of nutrients previously supplied by manure. The fertilization management has not changed since 1953, except for a slight increase of the N fertilizer application (+30 kg N ha−1) on winter wheat, which occurred in the 1980s. The five-year crop rotation was performed with sugar beet (Beta vulgaris), winter wheat (Triticum aestivum L.), winter rye (Secale cereale L.), a fodder legume, and oat/potato (Avena L./Solanum tuberosum L., potato replaced oat in 1953). The fodder crop initially used was red clover (Trifolium pratense), then lucerne (Medicago sativa) and, after 1967, persian clover (Trifolium resupinatum L.) was mainly used. In each of the five strips, one of the crops of the rotation was grown. Thus, the experiment consists of five strips with 24 treatments per strip (120 plots, Figure 1). Crop residues were removed during the entire period, except for roots and senesced potato leaves. Since 1909, the depth of plowing before sugar beet was regularly about 30 cm. The plot size is 15 m × 18.5 m with a core plot for final harvest of 9 m × 10 m.




2.3. Crop Management and Field Data Collection


In this study, sugar beet grown in the treatments NPKCa + m + s (B13), NPKCa (B7), _PKCa (B8), N_KCa (B9), NP_Ca (B10), NPK_ (B11) and the unfertilized control (B12) of strip B were considered (Figure 1). In the framework of crop rotation at the Dikopshof, the crop that preceded the sugar beet was potato. In autumn 2018, the soil was tilled with a cultivator and then ploughed with a plough to 30 cm depth. In February, 20 t ha−1 of cattle farmyard manure was applied in treatment NPKCa + m + s. Before sowing of sugar beet, the soil was tilled with a cultivator (15 cm depth) and a harrow (8 cm depth). Sugar beet (variety BTS 7300 N, BETASEED, Frankfurt am Main, Germany) was sown on 8 April 2019 with a sowing density of 10 plants per m2. Amount of fertilizers applied in per treatment and in the whole 5-year crop rotation are shown in Table 1. Insects and diseases were controlled with pesticides according to standard grower practice.




2.4. Field Data Collection


The Dikopshof field trial was established more than a century ago without field repetitions of the treatments. Consequently we collected internal repetitions within one plot per treatment. The collection of field data was conducted on 16 May, 13 June, 10 July and 10 September 2019. Harvest started in November. The presented plant and soil data from 2019 comprise leaf area index (LAI), dry matter shoot weight (DM shoot), dry matter root weight (DM root), shoot and root C, N, P, K concentrations, root morphology and root link analysis, topsoil mineral N, P, K and pH values (Table S1), and yield at harvest (fresh matter sugar beet tuber).



2.4.1. Leaf Area Index


The leaf area index (LAI) was determined destructively on sampling dates two, three and four using the cut sugar beet plants and a LI-3100C Area Meter (LI-COR Biosciences GmbH, Bad Homburg, Germany). The same plants were then dried and weighted.




2.4.2. Shoot and Root Fresh and Dry Weight and Nutrient Concentrations


The shoot fresh matter was oven-dried (105 °C) and weighed to estimate shoot dry matter. Root weight was determined after analysis by drying (105 °C) and weighing using Sartorius ENTRIS 4231 fine scale with 0.001 g level of precision (Sartorius Lab Instrument GmbH & Co, Goettingen, Germany). For dates two to four, the root and shoot samples were milled, sieved and analyzed for total C and total N with an elemental analyzer (Euro-EA, HEKAtech GmbH, Wegberg, Germany) and for P and K with a flame photometer (ELEX 6361, Eppendorf, Hamburg, Germany). Only one mixed sample per treatment and date was analyzed for total C, total N, P and K (no replicates). The fresh matter tuber yield was collected in the core plot and weighed at harvest in November.




2.4.3. Root Sampling, Preparation and Scanning


The sugar beets were excavated with a shovel with the surrounding soil to minimize loss of roots on four dates during the growth period (5 plants per treatment). The extraction of the whole tuber with taproot was only possible at the first sampling date. Later, in sampling date 2, 3 and 4 the tuber and the first part of the taproot was harvested and analyzed (about first 30 cm) but not the whole taproot.



Due to severe drought and very dry soil conditions at sampling date 3, we decided to not present the root morphology data from that date. The sampling procedure at that date proved to be difficult as large dry chunks of soil were loosened when the plants were removed and probably many roots were torn off. The results of the analyses also differed fundamentally from those of the other dates.



The sugar beet roots were processed directly after harvest. To bare roots from soil, the soil was soaked in tap water and washed by hand using a sieve with 0.55 mm mesh size until rudest soil and debris was cleared away. On sampling dates two, three and four, large roots (tuber) had to be cut for scanning (Figure 2). Subsequently, roots were sorted by hand, filtering out smallest particles and dead roots. Afterwards, cleaned roots were scanned directly using an EPSON scanner (HP Expression 1100XL, Epson America, Inc., Los Alamitos, CA, USA). For that, the roots of each sample (one plant) were laid preferably without overlaps into an acrylic glass platter filled with tap water and scanned with a resolution of 800 dpi as black-and-white picture (Figure 2). All samples were scanned and finally analyzed via the root image software WinRHIZO version Pro 2020a (Regent Instruments, Québec, QC, Canada).




2.4.4. Image Analysis of Root Length, Root Diameter, and Analysis of Basic Link Connectivity


The root scans were analyzed using the software WinRHIZO. Topsoil root length was calculated per plant. Root diameter classes of very fine (<0.1 mm), fine (0.1–0.5 mm), medium to coarse (>0.5 mm) roots were defined and analyzed (Table 2). Besides measuring total root length (cm) and root diameter (mm), a link analysis was performed to investigate root basic link connectivity [17].



Classic herringbone root systems (tap root and primary laterals only and thus many interior links) can be distinguished from the highly branched dichotomous architecture type root systems with many exterior links [17]. Via link analysis, root segments (links) were classified into basic connectivity classifications by categorizing them into different link groups (EE, EI, and II; E stands of exterior and I for interior links). Exterior links which end in a meristem (EE and EI) can be distinguished from interior links (II) (Figure 2). For every link, data of the basic connectivity classification was analyzed (Table 2). To compare connectivity across the different treatments, the absolute number of each link group (EE, EI and II) per centimeter root length was calculated. For the statistical analysis, the mean across plants segment replicates was calculated, resulting in the mean absolute number of links per centimeter root length.




2.4.5. Soil Observations and Analysis


The frozen soil samples (one per treatment, depth and date) were thawed and the mineral nitrogen concentration (Nmin) was determined. After preparation of the samples (drying and sieving), the concentrations of P and K (PCAL and KCAL) available to plants were determined with a calcium-acetate-lactate extract [37]. Additionally, the pH value of the respective soil samples was determined (CaCl solution, with a Multi 3630 IDS pH Meter and a SenTix 940P electrode, both from WTW, Weilheim, Germany). Those samples were taken from the topsoil with a hand shovel.





2.5. Data Analyses


The data was analyzed using programming language R (version 1.3.959). Means and standard deviation of shoot dry matter, LAI, and mean values of root dry matter, root length over all replicates for each treatment and each sampling date were calculated. Due to the sampling procedure, the final number of replicates was different between dates, between treatments and between traits (Table S2).



A one-way univariate analysis of variances (ANOVA, α = 0.05) followed by a post hoc analysis of significance (Tukey-test) was conducted using the number of samples (plants) per treatment as replicates to assess the differences between treatments in affecting the root dry matter and shoot dry matter, LAI, SRL, root shoot ratio, total root length and average root diameter. Shapiro-Wilk test was used to assess the normality of all groups’ (defined by the treatment and sampling date). All groups were normally distributed and no transformations were needed. The experimental design at the Dikopshof is a non-randomized block design. So, due to the lack of plot replicates at this old trial we used measurement replicates within the plots for this analysis. The number of replicate for each analysis is presented in Table S2. The treatments with (n = 2) were excluded from the statistical analysis using ANOVA.



To have a better understanding of the proportion of root length classes within each single root system, we chose the sample with the median total root length within one treatment and per sampling date. The topological index (TI) of the roots was calculated as the ratio between log(altitude) and log(magnitude) [38].





3. Results


3.1. Growing Conditions during the Growth Period


The growth period in 2019 can be characterized as exceptionally dry and hot (Figure 3). Especially in the months June, July, and August, above average air temperatures were observed. Rainfall was below average from June to September. Especially in the months of late June, July and August, the plants suffered from drought stress and leaves were wilted. The plants recovered in autumn after some rainfall events and when the temperature dropped.



The impact of nutrient or liming omission was clearly reflected by the soil analysis data (Table S1). The highest mineral topsoil N concentrations were observed in treatment NPKCa + m + s and the lowest ones in the N omission treatment. Nutrient omission (N, P, K) led to low values of the respective nutrient in the topsoil. Liming enhanced the pH value from mean value of 5.7 (NPK_) to 6.5 (mean of all other treatments).




3.2. Shoot Growth


The shoot dry matter weight increased from sampling date 1 to sampling date 3 for all treatments (Table 3, Figure 4). On sampling date 4, the measured shoot dry matter weight decreased in comparison to the values measured on sampling date 3 for all treatments except for the unfertilized and the treatment NPKCa + m + s, where shoot dry matter weight increased compared to sampling date 3. The LAI increased from date 2 to date 3. From date 3 to date 4 it decreased again for all treatments except for the treatment NPKCa + m + s. The decline of shoot dry matter and LAI from date 3 to 4 can be attributed to the dry spell and related visible wilting and drop of leaves.



The omission of the nutrients N, P and K as well as of liming led to a significant decrease in shoot growth (Table 3, Figure 4). In June, the shoot biomass of the N limited and the unfertilized treatment were significantly lower than the fully fertilized treatment NPKCa + m+s. In July, significant differences in shoot biomass were observed following the order: fully fertilized > P omission and no liming > N and K omission > unfertilized treatment. On sampling date 4, the shoot biomass of treatment NPKCa + m + s was significantly higher compared to the other treatments with nutrient omission or the unfertilized treatment, but no significant differences were observed between those treatments.



In general, the highest LAI value was observed for the fully fertilized treatment NPKCa + m + s. Treatment NPKCa experienced decreases in shoot growth parameters after sampling date 2. Although treatment NPKCa showed very similar values for LAI as well as for dry matter at the two first sampling dates compared to treatment NPKCa + m + s, its performance decreased significantly on the third and fourth sampling dates.




3.3. Root Dry Matter Weight


The root dry matter weight increased from sampling date 1 to sampling date 4 for all treatments (Table 3) and thus did not decline from date 3 to 4 such as the shoot traits (biomass and LAI) did for almost all treatmens. The highest value of root dry matter was measured in the treatment NPKCa + m + s and the lowest one in the unfertilized treatment for all sampling dates. Among the nutrient omission plots, the K omission treatment showed the lowest values of root dry matter weight on sampling date 2. On sampling date 3, the significantly highest value of root dry matter was observed in the treatment NPKCa + m + s and the N omission treatment. On sampling date 4, the lowest value of root dry matter was measured in the P omission and treatment NPKCa.




3.4. Root Shoot Ratio


The root shoot ratio provides insights on where the sugar beet allocates the most carbon in the current phase of its growth. While a ratio of below 1 was achieved in all treatments on the two first sampling dates, this changed at the third sampling date with values above 1 (Table 3). On the fourth sampling date, the ratio increased again. On sampling dates 2, 3 and 4, outstanding high values of root shoot ratio were observed in the N omission treatment. The lowest root shoot ratios on the fourth sampling date were measured in the P and the K omission treatment.



The analysis results of root and shoot nutrient concentrations (Table S3) showed that N omission resulted in lowest shoot and root N concentrations similar to the unfertilized treatment especially at the last sampling date where the shoot biomass was the highest. This trend could be also seen when investigating the results of the P and K root and shoot analysis. The unfertilized treatment showed higher N concentrations at sampling date 2 and 3 compared to the fully fertilized treatment. At sampling date 2 and 3, the NPKCa + m + s treatment showed low shoot N concentration as compared to the other treatment with N fertilizers, root N did not follow this trend. Low values of root N in all dates were given in the N omitted treatment and in the unfertilized treatment.



When P was omitted, low values of shoot P and root P were measured. When K was omitted, the values of K in shoot did not show a lower value comparable to the unfertilized treatment at the 2nd and 3rd sampling date, but at sampling date 4, the value of K in shoot was even lower than in the unfertilized treatment. The root K concentration was at all sampling dates affected by the omission of K.



The shoot and root total C and N analysis clearly showed that the C/N ratio of the N deficient treatment was higher in both shoot and root compared to the other treatments. Due to the lower N availability in the soil, sugar beet has consumed less N, which results in an increased value of the C/N ratio both in the shoots and in the roots. This was also observed in the unfertilized treatment at the fourth sampling date.




3.5. Root Morphology


The root morphology parameters root length, average root diameter and root length within each root diameter class were estimated for each treatment and each sampling date (Table 4). The values of root length increased between the two first sampling dates and decreased between the sampling date 2 and 3. The values increased again between the third and the fourth sampling dates. This trend could be also seen in the respective root classes.



The total root length was significantly highest in treatment NPKCa + m + s and the unfertilized treatment followed by treatment in May and July, however there was no significance differences between the treatments in late growing stage (July and September). The average root diameter was also not significantly different between treatment on sampling dates 1, 3 and 4. The only significant differences between the treatments could be detected on sampling date 2, where the treatment with no liming shows a higher value of average root diameter as compared to the treatment with no K.



The SRL differed only significantly between the treatments at the sampling date 4. The highest values were observed in the treatment NPKCa, and the lowest value in the fully fertilized with manure and the unfertilized treatment.



To have a better comparison between the root classes as well as between treatments, the results were presented as proportion of each class from the total root length for each treatment for dates 2 and 4 (Figure 5). The root diameter classes change their distributions across the sampling dates. The share of very fine and fine roots for the unfertilized treatment was low at date 2 but high at date 4. At the late stage, the share of medium to coarse roots was highest for the fully fertilized treatments NPKCa + m + s and NPKCa, also in P deficient treatment the share of very fine and fine roots was enhanced.




3.6. Root Link Analysis


The share of interior root length from total root length ranged from 50 to 70% (Table S4). In the early growth stage, the share of interior root length was low for the P omission treatment and high for the fully fertilized treatment. On sampling date 4, the share of interior root length was higher in the K omission and the no liming treatments compared to the other treatments. On the same date, the share of interior root length of total root length was highest in the P omission treatment and lowest in the unfertilized treatment. There was no clear trend observed for the unfertilized treatment.



The number of root links per cm root (branching) shows that in the K omission treatment, root branching was lowest on sampling date 1 but highest on date 4 (Table S5). Interestingly, branching is similar in the fully fertilized treatment NPKCa + m + s and the unfertilized treatment.



The topological index (TI) refers to the exploitation efficiency of plants, a higher TI characterize a more herringbone root system and lower TI refers to a more dichotomous root system. The TI of all treatments is higher than 1 (Figure 6). The topological index was highest for the liming omission (1.36) and the fully fertilized treatment (1.26) on date 1. On sampling dates 2 the topological index was highest for the K omission treatment. The TI was low for the N omission treatment and fully fertilized treatment without manure on sampling date 1. The P deficiency results in higher TI compared to the fully fertilized treatment.



The most outstanding and significant results of this study showing different impacts of nutrient limitation on shoot and root growth, root topology and root morphology are represented in Table 5.





4. Discussion


4.1. Effect of N, P and K Omission and Omission of Liming on Shoot Growth, Root Shoot Ratio and Yield


Sugar beet growth was affected by the omission of every single nutrient and the omission of liming. Our results showed that all shoot growth traits were significantly reduced as a result of nutrient omission compared to the fully fertilized treatment. A decrease of sugar beet shoot growth under low nutrient conditions was already reported [29]. Traits such as leaf area index, shoot dry matter and root dry matter are reacting differently to nutrient limitation type depending on the growth stage. Our findings show that, depending on the growth stage, nutrient omission can affect also N, P and K concentrations of the aboveground and belowground plant organs in different ways.



Based on tuber yields of different treatments, our study showed that K was the most limiting factor in sugar beet grown under field conditions at that site. In general, it is largely recognized that the nutrient most limiting sugar beet growth is N [39]. However, in our trial, N omission still resulted in the second highest fresh tuber yield among all treatments. Similar as described in [24,40], N omission caused a sharp decline in shoot biomass.



Plants respond to nutrient limitations by changing their root shoot ratio. In low nutrient conditions, the allocation of biomass to the roots is often favored [41,42]. Our results in the late growth stage (July and September) confirmed that in low nutrient conditions, the root shoot ratio—but not the absolute tuber yield of sugar beet—was enhanced in the N omission treatment. An increase of the root shoot ratio under P deficiency was not observed, this was also already reported by [43]. The highest root shoot ratio was achieved by the N omission treatment. According to the concept of functional equilibrium between above and below ground parts of plants, under N deficiency the greater part of the N taken up is used to ensure the root growth, and thus diminishing the translocated part to the shoot. Due to this, shoot growth is depressed earlier and to a much greater extent than root growth [35]. This this goes in line with Hoffmann [16] who stated that sugar yield is more determined by dry matter partitioning (sink) than by canopy formation (source). Also, the low but considerable topsoil mineral N values of 2 to 10 kg ha−1 [44] let us assume that N sources such as mineralization and atmospheric N deposition may have contributed to a low but sufficient N supply at that site.




4.2. Impact of Nutrient or Liming Omission on Root Morphology and Link Basic Connectivity


Root plasticity might be important factors in the acquisition of immobile resources such as P. In the late growing stage the shares of very fine roots and fine roots were higher under P deficiency compared to the other treatment, this plasticity was already reported for other [45,46]. Conversely, in Wheat, lower share of very fine roots under increased P stress was reported [47].



The root length was enhanced compared to the treatment with no P deficiency, a greater root length in deficient P plots compared to the fully fertilized was observed. Similar results were already reported for sugar beet [48]. However, the opposite was reported in Wheat [47].



Herringbone type root systems are characterized by many interior root links, long links, and a higher TI. They are more efficient in exploiting soils with low nutrient concentrations, but more expensive to produce and maintain by the plant [17]. The herringbone root topology is more efficient for the acquisition of mobile nutrients such as N or K due to the reduced incidence of depletion zone overlap, whereas the dichotomous-type root systems (highly branched, lower TI) were judged to be preferable for the uptake of immobile ions such as P [17,22,49]. However, the results of the root analysis presenting the share of II links of total link length in P, showed a shift from a less herringbone root architecture (56.5%) at the early stage to a more herringbone type root architecture (70.4%) with more interior links in the late stage (Table S4). The roots were particularly affected by K deficiency, as well as by non-fertilization and full fertilization. The roots in the fully fertilized treatments can be characterized with a high total root length, a high share of fine and very fine roots and many interior links at the early stage as well as a high average root diameter and a low SRL at late growth stages. Likewise, Hodge [31] reported of greater root length of thinner roots and low SRL in nutrient-rich zones and Song et al. [50] reported of significantly lower root length in the low nutrient (N, P, K) treatments than those of the two highest nutrient treatments in Pistacia chinensis Bunge seedlings. In the unfertilized treatment the share of very fine roots, SRL and TI were high compared to the other treatments in the early growth stage. In the later growth stages, average root diameter was high and total root length, SLR, share of interior links, number of total links, and TI were low In contrast to no fertilization, the K omission treatment shows high total RL, high SRL in the late growth stage, i.e., highly acquisitive traits, which makes sense if considering that at the loess site, K can be mineralized from the solid phase. Our results confirm the hypothesis of Mollier and Pellerin [51] that P deficiency mainly affects the root system morphology through its effect on the C budget with no additional specific effect of P deficiency on root morphogenesis.



The SRL provides insights into the crop investment in biomass. Plants with high SRL build more root length for a given dry-mass investment and are generally considered to have higher rates of nutrient and water uptake per dry mass [19]. However, other studies report increasing, decreasing or constant SRL values as response to nutrient limitation [52,53]. In Our study, no significant differences between the treatments for the first sampling dates were observed but there was a tendency for high SRL in the unfertilized treatment (date 1). During the late growing stage, SRL differed significantly between the treatments with the lowest values observed in the fully fertilized and the unfertilized treatments and highest values observed in the K omission treatment.




4.3. Other Factors Influencing Root Growth and Observations


Many factors influence root architecture such as water supply [54,55], soil texture [56], soil structure [57], temperature [58,59], micro-organisms [32] and the selected variety [55]. In particular, investigation of plant nutrient uptake should consider also the water supply [60]. On the one hand, because water in the soil is a main factor in the mobility of nutrients, and on the other hand, because it is largely recognized that water is an essential component of plant growth and forms with nutrients N, P and K the two most limiting factors to plant growth.



Both link analysis and other root morphology parameters behave differently as a function of the sampling dates. These changes are firstly related to the growth stage but also to the impact of climate parameters occurring at the respective sampling date. The growth period in 2019 was characterized by extreme drought and above-average temperatures. Precipitation in June, July and August 2019 was so low it can, be assumed that drought stress was an important factor for sugar beet deriving the differences in the response to nutrient deficiency. Moreover, the method of sampling only allowed to examine the roots located in the topsoil (about 0–30 cm) and the topsoil is usually most affected by in-season drought events. When comparing the root length over the four dates in the field, one can observe large differences between the measured total root lengths. Especially at sampling date 3 the crops already had suffered from drought for some weeks, leaves wilted and dropped off, and shoot and root growth was limited. Root sampling with the shovel was difficult at that date and may have led to a demolition of fine roots. Thus, the root morphology traits of that date were not presented in this study.



Sampling of fibrous sugar beet roots is complicated due to the root structure and depth. For instance, root augers cannot be used for sampling tubers with a diameter of more than 10 cm. The use of other methods for easier extraction of fine roots with a defined soil volume such as monoliths [61] should therefore be adopted when examining the root architecture of sugar beet.





5. Conclusions


Studies investigating the impact of nutrient deficiency are often carried out under controlled conditions such as pot experiments. To our knowledge no studies were carried out to investigate sugar beet root and shoot growth, root morphology and topology under various nutrient omissions and under field conditions. Our study reports that nutrient omission negatively impacted shoot growth parameters of sugar beet. All treatments but the fully fertilized one showed a decline in the shoot growth parameters shoot dry weight and LAI from date three to four due to the dry spell. In contrast, root weight increased from sampling date one to four. Shoot growth depression in the N omission treatment was high but root growth depression rather low. In September, the root-shoot ratio was highest for the N omission treatment and lowest for the K, P omission and fully fertilized treatments.



One of the main drivers of SRL is the shoot biomass and the carbon that can be allocated from the shoot to the roots. TI and SRL were highest for the K omission treatment which reveals the effort of the plants to exploit the soil with the low K concentrations. The findings also clearly underline the general importance of root plasticity including a shift towards the one or the other root type to maintain resource acquisition capacity in low input agriculture.



The study provides general insights into the effects of nutrient deficiency on root and shoots growth, root morphology and root branching of sugar beet under field conditions. A better understanding of the impact of nutrient limitation and low soil pH values on shoot and root growth is especially important in organic farming or in low-input agriculture systems. Further studies should be carried out under field conditions taking into consideration also crop water uptake and the deeper root system. Use of other methods such as monoliths should permit and easier extraction of fine roots in the context of studies that investigate the root architecture of sugar beet or other tuber crops.
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Figure 1. Experimental setup of the long-term fertilizer experiment Dikopshof, Germany after 1953 (strips A to E). In the current study, the considered plots are plots B7 to B13 in strip B (marked in blue). 
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Figure 2. Example scan of sugar beet roots (left) and an example for the root analysis with Software WinRHIZO Pro 2020a (mid) from treatment NPKCa + m+s and sampling date 10 July. The diagram on the right shows the distinction between extreme branching patterns ((A) herringbone; (B) dichotomous), and the definition of terms used in the analysis, namely exterior-interior (El), interior-interior (II) and exterior-exterior (EE) links; unlabeled links are interior (based on Fitter and Stickland [17]). 
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Figure 3. Mean monthly air temperature (left panel) and precipitation (right panel) from 1980 to 2019 (bars) and for 2019 (lines) at Dikopshof (source: interpolated data from the German Weather Service, DWD). 
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Figure 4. Mean values of the observed shoot and root dry matter weight of sugar beet at the four sampling dates in 2019 at the long-term fertilizer experiment Dikopshof, Germany. The error bars correspond to the 95% interval of confidence. Different letters indicate significant differences between treatments (ANOVA, α = 0.05). 
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Figure 5. Proportion of fine root diameter class to total root length in % at early growth stage (13 June, left panel) and late growth stage (10 September, right panel) of sugar beet for seven fertilizer treatments grown in 2019 at the long-term fertilizer experiment Dikopshof, Germany. Median values of root length per root diameter class were used to represent the proportion. 
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Figure 6. Topological index (TI) of sugar beet topsoil root system for all considered treatments at three sampling dates in 2019 at the long term fertilizer experiment Dikopshof, Germany. 
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Table 1. Nutrients and fertilizer type applied at sugar beet in kg ha−1 a−1 and at the five year rotation in kg ha−1 since 1953 at the long term fertilizers experiment Dikopshof.






Table 1. Nutrients and fertilizer type applied at sugar beet in kg ha−1 a−1 and at the five year rotation in kg ha−1 since 1953 at the long term fertilizers experiment Dikopshof.





	

	

	
Application Rate per Element




	

	

	
Sugar Beet (kg ha−1 a−1)

	
Rotation (kg ha−1)




	
Treatment

	
Type of Fertilizer

	
N

	
P

	
K

	
Ca

	
N

	
P

	
K

	
Ca






	
NPKCa + m + s

	
Synthetic

	
120

	
53

	
199

	
0

	
530

	
287

	
1078

	
1293




	

	
Manure

	
40

	
22

	
83

	
50

	

	

	

	




	
NPKCa

	
Synthetic

	
80

	
31

	
116

	
0

	
230

	
155

	
580

	
1143




	
_PKCa

	
Synthetic

	
0

	
31

	
116

	
0

	
0

	
155

	
580

	
1143




	
N_KCa

	
Synthetic

	
80

	
0

	
116

	
0

	
230

	
0

	
580

	
1143




	
NP_Ca

	
Synthetic

	
80

	
31

	
0

	
0

	
230

	
155

	
0

	
1143




	
NPK_

	
Synthetic

	
80

	
31

	
116

	
0

	
230

	
155

	
580

	
0




	
unfertilized

	

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0
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Table 2. Parameters used to define root morphology and link basic connectivity.
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	Parameter
	Definition
	Unit





	Root length
	Total length of all roots present per plant
	cm



	Average root diameter
	Average diameter of all roots of one sample
	mm



	L1
	Root length (cm) of very fine roots (diameter < 0.1 mm)
	cm



	L2
	Root length (cm) of fine roots (diameter 0.1–0.5 mm)
	cm



	L3
	Root length (cm) of medium fine roots (diameter > 0.5 mm)
	cm



	EE
	Length in cm of exterior-exterior links per cm of total root length
	cm



	EI
	Length in cm of exterior-interior links per cm of total root length
	cm



	II
	Length in cm of interior-interior links per cm of total root length
	cm
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Table 3. Mean values (and standard deviation if replicates were available) of the observed shoot and root variables of sugar beet at the four sampling dates (three in case of leaf area index) and fresh matter tuber yield of the core plot at harvest in 2019 at the long-term fertilizer experiment Dikopshof, Germany. Different letters indicate significant differences (ANOVA, α = 0.05).
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Shoot Dry Matter Weight (g·plant−1)




	

	
NPKCa + m + s

	
NPKCa

	
_PKCa

	
N_KCa

	
NP_Ca

	
NPK_

	
No Fertilization






	
16 May

	
1.86

	
1.28

	
0.91

	
1.03

	
0.71

	
0.39

	
0.54




	
13 June

	
25.80 ± 1.27 ab

	
27.39 ± 5.13 a

	
14.18 ± 4.93 c

	
17.56 ± 5.34 bc

	
16.01 ± 2.27 bc

	
17.82 ± 5.91 bc

	
10.73 ± 5.90 c




	
10 July

	
58.15 ± 1.79 a

	
47.62 ± 6.43 ab

	
39.09 ± 9.91 bc

	
47.85 ± 5.54 ab

	
42.28 ± 2.75 bc

	
50.08 ± 1.46 ab

	
33.06 ± 6.32 c




	
10 September

	
79.41 ± 31.30 a

	
25.25 ± 8.16 b

	
34.25 ± 1.30 b

	
42.20 ± 3.64 b

	
43.02 ± 6.12 b

	
41.63 ± 8.03 b

	
37.47 ± 1.48 b




	
Leaf area index (m−2 m−2)




	
13 June

	
2.28 ± 0.42 b

	
2.89 ± 0.21 a

	
1.28 ± 0.16 cd

	
1.53 ± 0.19 c

	
0.99 ± 0.33 de

	
1.66 ± 0.07 c

	
0.73 ± 0.24 e




	
10 July

	
3.96 ± 0.56 a

	
3.38 ± 0.39 ab

	
2.88 ± 0.77 bc

	
2.93 ± 0.13 bc

	
2.85 ± 0.50 bc

	
3.06 ± 0.07 abc

	
2.27 ± 0.40 c




	
10 September

	
4.31 ± 2.33 a

	
0.91 ± 0.34 b

	
1.55 ± 0.47 b

	
1.84 ± 0.39 b

	
1.35 ± 0.31 b

	
1.83 ± 0.35 b

	
1.59 ± 0.14 b




	
Root dry matter weight (g·plant−1)




	
16 May

	
0.3

	
0.22

	
0.17

	
0.18

	
0.14

	
0.07

	
0.1




	
13 June

	
9.39 ± 0.31 a

	
9.02 ± 5.05 a

	
5.01 ± 0.69 ab

	
5.50 ± 0.78 ab

	
2.75 ± 1.25 b

	
6.09 ± 0.76 ab

	
2.72 ± 0.39 b




	
10 July

	
83.19 ± 14.17 a

	
69.34 ± 6.42 ab

	
81.82 ± 7.70 a

	
66.51 ± 17.83 ab

	
59.37 ± 2.22 ab

	
0.54 ± 1.75 ab

	
51.35 ± 10.55 b




	
10 September

	
259.55 ± 100.98 a

	
121.79 ± 46.65 b

	
193.48 ± 5.93 ab

	
133.57 ± 5.93 b

	
155.35 ± 11.28 ab

	
178.18 ± 32.99 ab

	
167.41 ± 25.80 ab




	
Root-shoot ratio




	
16 May

	
0.16

	
0.17

	
0.19

	
0.17

	
0.2

	
0.17

	
0.19




	
13 June

	
0.42 ± 0.11 a

	
0.36 ± 0.24 a

	
0.39 ± 0.13 a

	
0.29 ± 0.05 a

	
0.21 ± 0.08 a

	
0.37 ± 0.12 a

	
0.30 ± 0.05 a




	
10 July

	
1.54 ± 0.16 b

	
1.51 ± 0.13 b

	
2.07 ± 0.27 a

	
1.40 ± 0.38 b

	
1.42 ± 0.07 b

	
1.55 ± 0.20 b

	
1.55 ± 0.14 b




	
10 September

	
3.29 ± 0.27 bc

	
4.04 ± 0.65 abc

	
5.00 ± 0.27 a

	
3.22 ± 0.17 c

	
3.27 ± 0.20 bc

	
4.29 ± 0.12 ab

	
3.83 ± 0.69 bc




	
Fresh matter tuber yield at harvest (t ha−1)




	

	
93.4

	
63.6

	
66.96

	
56.65

	
51.11

	
66.09

	
50.42
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Table 4. Effect of fertilization on the root morphology parameters of sugar beet on three sampling dates in 2019 at the long-term fertilizer experiment Dikopshof, Germany. Mean values of total root length are given in cm, average root diameter in mm and the specific root length in m g−1. Different letters indicate significant differences between treatments (ANOVA, α = 0.05). * excluded from the statistical test.
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NPKCa + m + s

	
NPKCa

	
_PKCa

	
N_KCa

	
NP_Ca

	
NPK_

	
No Fertilization




	
Total root length (cm)






	
16 May

	
731.00 ± 150.15 a

	
559.71 ± 281.50 ab

	
225.91 ± 42.63 b

	
432.79 ± 233.54 ab

	
194.57 ± 91.13 b

	
358.86 ± 296.45 ab

	
606.51 ± 107.24 ab




	
13 June

	
1096.59 ± 458.37 a

	
904.53 ± 143.88 ab

	
652.03 ± 90.55 bc

	
810.76 ± 152.92 abc

	
606.93 ± 41.35 bc

	
578.67 ± 98.54 bc

	
432.64 ± 158.07 c




	
10 September

	
1658.6 ± 1107.65 a

	
1921.9 ± 156.65 a

	
1851.31 ± 249.68 a

	
2047.73 ± 394.91 a

	
2476.75 ± 696.71 a

	
1475.9 ± 103.33 *

	
1305.11 ± 150.79 a




	
Average root diameter (mm)




	
16 May

	
0.41 ± 0.04 a

	
0.44 ± 0.07 a

	
0.46 ± 0.06 a

	
0.44 ± 0.05 a

	
0.50 ± 0.17 a

	
0.50 ± 0.08 a

	
0.34 ± 0.00 a




	
13 June

	
0.74 ± 0.19 ab

	
0.80 ± 0.03 ab

	
0.68 ± 0.04 ab

	
0.72 ± 0.10 ab

	
0.58 ± 0.11 b

	
0.85 ± 0.17 a

	
0.82 ± 0.00 ab




	
10 September

	
2.23 ± 1.23 a

	
1.14 ± 0.13 a

	
1.08 ± 0.36 a

	
1.11 ± 0.22 a

	
0.93 ± 0.26 a

	
0.93 ± 0.44 a

	
1.29 ± 0.24 a




	
Topological specific root length (m g−1)




	
16 May

	
23.73

	
43.14

	
15.89

	
31.84

	
29.62

	
16.87

	
62.55




	
13 June

	
1.29 ± 0.21 a

	
6.15 ± 10.23 a

	
1.32 ± 0.28 a

	
1.49 ± 0.38 a

	
2.94 ± 1.56 a

	
0.96 ± 0.21 *

	
1.81 ± 0.69 a




	
10 September

	
0.06 ± 0.04 b

	
0.22 ± 0.09 a

	
0.09 ± 0.01 ab

	
0.14 ± 0.00 *

	
0.16 ± 0.03 ab

	
0.08 ± 0.01 *

	
0.08 ± 0.02 b
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Table 5. The matrix presents the observed strategies of shoot and root growth of sugar beet under optimally fertilized conditions and nutrient omission of sugar beet at the long-term fertilizer experiment Dikopshof in 2019. The symbol/divides into strategy in the early growth stages from strategy in the late growth stage. Significant differences are marked with *, others are non-significant trends.
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Full Fertilization

	
No N

	
No P

	
No K

	
No Liming

	
No Fertilization






	
Shoot DM

	
high */high *

	
low */low

	

	

	

	
low */low




	
Leaf area index

	
high */high *

	

	

	

	

	
low */




	
Root DM

	
high */high *

	
/high

	
/low *

	

	

	
low */low




	
Root-shoot ratio

	

	
high */high *

	
/low

	
/low

	

	
/low




	
Tuber yield

	
high

	

	

	
low

	

	
low




	
Total root length

	
high */

	
low *

	

	
low */high

	
low */low




	
Root diameter

	

	

	

	
/low *

	

	
/high




	
Specific root length

	
/low *

	

	

	
high/high

	
low/

	
high/low *




	
Share of very fine & fine roots

	
high/

	

	
/high

	
low/

	

	
high/high




	
Share of interior links

	
high/

	

	
low/high

	
low/high

	

	
/low




	
Number of total links

	

	
low/

	

	
low/high

	
/high

	
/low




	
Topological index

	

	
Low/

	
/high

	
/high

	
high/
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